Using images from the Hubble Space Telescope (HST) and the Gemini Telescope we confirm the disappearance of the progenitors of two Type II supernovae (SNe), and evaluate the presence of other stars associated with them.
cases the progenitors have only been confirmed to be spatially coincident with the SNe, leaving some uncertainty over their correct identification. So far only one star has been shown to have disappeared after it exploded -the star that exploded as SN 1987A in the Local Group of galaxies (1) . Seven other stars have been discovered to be spatially coincident with bright, nearby type II SNe (2) , but none of them have been shown to have disappeared [although recent evidence has suggested the disappearance of the progenitor of SN2005gl (3)]. Here we examine post-explosion images of the sites of two type II SNe to confirm their progenitors' identity.
SN 2003gd was discovered in the galaxy M74 and classified as a type II-plateau SN (4).
The plateau in its light curve and the strong hydrogen P Cygni profiles in its spectrum indicated that it arose from a red supergiant star with a massive hydrogen envelope (5) . Analysis of pre-explosion images from the Hubble Space Telescope (HST) and Gemini Telescope archives revealed a red supergiant star, with V = 25.8, I = 23.3 and an initial mass of 8 +4 −2 solar masses (M ⊙ ), at the position where the SN occurred (see Fig. 1 ; (6, 7) ). Five years after the explosion it is time to verify that this star has disappeared, hoping that the SN remnant has faded to a luminosity below that of its progenitor (as achieved for SN 1987A).
We re-imaged the site of SN 2003gd on 6 and 10 September 2008 using the multiobject spectrograph [GMOS, (8) ] on the Gemini Telescope with the Sloan g ′ , r ′ and i ′ filters, under excellent seeing conditions (see Table 1 ). Using differential astrometry, we matched previous observations of SN 2003gd, acquired with the HST Advanced Camera for Surveys High Resolution Channel (ACS HRC) (6) , with our GMOS frames to locate the SN position to within 0.031" (see Fig. 1 ). At this position there is no significant detection of a point source in the i ′ image, but the SN is still detected significantly at m g ′ (AB) = 25.00 ± 0.04 and m r ′ (AB) = 24.65 ± 0.05 (see SOM). We compared our i ′ image with a pre-explosion i ′ image taken with the GMOS instru-ment on 14 Aug 2001, in which the progenitor candidate was detected. After aligning the two images, we scaled the flux levels and the Point-Spread Function (PSF) of the post-explosion i ′ -band image to match those of the pre-explosion image, using the IS IS image subtraction package (9, 10) . We then subtracted the scaled post-explosion image from the pre-explosion frame, such that only photometrically variable objects remained (see the SOM for details of the procedure). A point source residual, consistent with a single-star PSF, is present in the preexplosion image to within 0.023 ′′ of the transformed SN position (see Fig. 1 , see SOM). Ref. (6) found a large offset between the transformed SN position and the object on the pre-explosion frame (0.137 ± 0.071"), leading them to suggest that the object was a blend of the progenitor (Star A) and a nearby star (Star C, see Fig. 1 ). We find no such offset with our differential astrometric solution, such that the object on the pre-explosion frame is completely consistent with a single star located at the position of Star A. All other single non-variable stellar objects were cleanly subtracted from the pre-explosion image, with only minor residuals remaining for obviously extended features such as resolved clusters. Hence the point source visible in the subtracted frame is the i ′ -band flux from the progenitor which has now disappeared. There clearly is a faint, extended background feature in the post-explosion image, but this is inconsistent with a single PSF. By conducting forced photometry at the SN position and by adding artificial stars to our post-explosion i ′ image, and attempting to recover them using the IS IS package, we conservatively estimate the upper brightness limit for a single point source is m i (AB) > 26.3 at the SN location. This corresponds to a magnitude difference between the pre-and post-explosion i ′ images of ∆m i ′ > 2. The absence of an obvious point source in the post-explosion image, which is within 2 magnitudes of the detected progenitor, further confirms that the star has disappeared.
We transformed the pre-explosion i ′ band photometry to the Johnson system by bootstrapping the photometry with Wide Field Camera images, from the Isaac Newton Telescope, and the M74 standard star sequence used for monitoring both SN 2003gd and SN 2002ap (11) .
These data imply that the progenitor star had a final Johnson I band magnitude of 23.14 ± 0.08, tightening earlier constraints (6) . This is 0.2 mags brighter than previously reported, due to our determination that Star C contributed negligible i ′ flux.
Using the HSTphot package (S1), we analyzed pre-explosion HST WFPC2 images taken with the F606W filter, which is close to the V-band filter. We used the I-band magnitude determined above to solve the color-transformation equations that convert the F606W instrumental magnitude to the Johnson system, and found that the progenitor has a Johnson V magnitude of 25.72 ± 0.09. Correcting for a reddening of E(B − V) = 0.14 ± 0.06, which was determined from photometry of SN 2003gd (5), implies an intrinsic color of (V − I) 0 = 2.41 ± 0.14. This is consistent with the progenitor being a M0-M2 Red Supergiant star (13) , but disfavors warmer K-supergiant stars. Applying the appropriate bolometric correction for this range of allowed red supergiants, and correcting for a distance of 9.3 ± 1.8 Mpc to M74 (5), yields a luminosity of log(L/L ⊙ ) = 4.29 ± 0.2 with an effective temperature of logT e f f = 3.54 ± 0.02. Comparison with the end-points of stellar evolution models shows that this luminosity and temperature region of the Hertzsprung-Russell diagram constrains the progenitor to have had initial mass of
At the epoch of 6 September 2008 (approximately +2000 days after explosion), the SN is still visible in the wavelength range corresponding to the F622W and Sloan r ′ filters (See Table   S7 ). This is due to the presence of significant Hα emission in the band-passes of these filters, typical of Type II SNe at late times (5, 14) . The fact that the SN is bright in the late-time F622W
observations precludes the use of image subtraction techniques to determine the true progenitor brightness in the pre-explosion WFPC2 F606W image. We need to wait longer until the Hα flux fades well below the magnitude of the progenitor star detected in the F606W filter.
One could argue that the star identified as the progenitor was a neighbouring star that is now obscured by dust formation in the foreground SN remnant. However the internal extinction in the SN 2003gd remnant, due to newly formed dust was estimated to be A R < 1.48 (15) or The progenitor of the Hydrogen-bearing (Type IIb) SN 1993J was identified as a K-supergiant star, with excess flux in the ultra-violet, possibly because of a binary companion or nearby stars (17) . The model for this binary system was of a 15M ⊙ progenitor star, with a binary companion of slightly lower mass (18, 19, 20) . Because the progenitor star evolved faster, it underwent mass transfer onto the binary companion, which removed a substantial amount of its Hydrogen envelope, causing a shift to the bluer K-spectral type [rather than the canonical M spectral type (2)]. The binary companion grew to 22M ⊙ , and became the source of the excess ultra-violet flux. A later study, using high-resolution HST images, found that some of the UV excess could be explained by nearby previously unresolved stars, but that a UV excess still remained unaccounted for (21). The binary progenitor scenario was confirmed, when spectral features of a massive blue supergiant were detected in late-time spectroscopy (22).
The site of SN 1993J was imaged several times over the 2-13 years after explosion with the These results provide observational proof that red supergiant stars are the progenitors of type II SNe, through the disappearance of the previously identified candidate stars of two SNe.
Our best estimate for the mass of the progenitor of the Type IIP SN 2003gd is 7M ⊙ which is at the lower end of the mass range considered theoretically possible to produce core-collapse events. While the uncertainties (7
+6
−1 M ⊙ ) would comfortably allow a large mass for this object, it is interesting that five progenitors of Type IIP SNe are found with best estimates at 9M ⊙ or below (2). This limit is predicted by stellar and SN evolution models (23) and is consistent with the upper initial mass limit observed for white dwarfs (24). The confirmation of the disappearance of the K-type progenitor star of SN1993J is further evidence that the binary model previously suggested is valid. It demonstrates the importance of binary interactions for the production of Hydrogen poor SNe (25). and Gemini GMOS instruments (see Table 1 
S1 Observations
The observations used in this study are listed in Tables S1, S2 for SN 1993J and Tables S3,   S4 , S5 and S6 for SN 2003gd. Due to space constraints, in the main body of the paper only the most appropriate observations were explicitly discussed. All the observations presented in these tables were also reduced, analysed and considered as part of the broader context of the study, and corroborated the results presented here.
The HST data were retrieved from the Space Telescope Science Institute Archive 1 . These data were processed by the on-the-fly-recalibration pipeline, being processed with the most upto-date calibration frames available for the WFPC2, ACS/HRC and ACS/WFC instruments, and were retrieved in a form on which analysis could be directly conducted.
The Gemini-North GMOS data were retrieved from the Gemini Science Archive 2 , and were reduced with master bias and flatfield calibration frames acquired at the same epochs. The individual observations were combined using the IRAF 3 gemini package imcoadd task to produce combined master science frames, on which photometry could be conducted. As a dithering pattern had been employed, the coaddition of the subimages for each filter filled in any gaps between the detectors as well as move the location of any hot pixels relative to observed stars. 
S2 Photometry

S2.1 HST data
Photometry of the HST WFPC2 data was conducted using the HSTphot package (S1) 6 , which provides corrections for aperture size and charge transfer efficiency, and includes transformations for photometry from the WFPC2 magnitude system to the standard Johnson-Cousins system. In addition, in parallel, our own photometry was conducted using the daophot package (S2) in IRAF. Corrections for the charge transfer efficiency were adopted from (S3) and aperture corrections were taken from (S4). The results from this parallel analysis were identical to those provided by HSTphot.
HST ACS photometry was conducted using our own scripts (a modified version of daophot, which uses pre-calculated TinyTim 7 PSFs) and the DOLphot program 8 . Both of these codes provide similar corrections and transformations for the ACS system, as HSTphot does for the WFPC2 instrument. DOLphot conducts photometry of cosmic-ray rejected, distorted, combined "crj" images and individual distorted "flt" images. Our script measures photometry using the distortion corrected drizzled "drz" images, with the sky background unsubtracted during the drizzling process. Importantly, the photometry using the different images and different codes generally agreed with each other to within the photometric errors, but for consistency we report the magnitudes reported by the DOLphot package.
S2.2 Gemini Data
Photometry of the Gemini GMOS data was conducted in the standard fashion using daophot.
Aperture corrections were determined for each of the images using bright isolated stars present in the field. PSF models were constructed for each of the images, and photometry was con- 
S4 Image Subtraction
Image subtraction, and the photometry of the resulting clean images, of the SN 2003gd Gemini images was principally conducted using the ISIS optimized image subtraction software (9, 10) 9 .
As the 2008 post-explosion Gemini GMOS i ′ image was acquired under better seeing conditions than the pre-explosion i ′ observation of 2001, the 2008 image was aligned with the pre-explosion observation using the geomap and geotran tasks in IRAF. Any degradation in the seeing in the resulting transformed post-explosion image was negligible compared to the much larger seeing of the pre-explosion image. The images used with the ISIS package were smaller 900 × 900 stamps extracted from the larger observed images. The large area of these stamp images meant there were sufficient single stars, over a range of brightness, to enable the construction of a good PSF model. The transformed post-explosion image was used as the reference frame for subtraction from the pre-explosion frame using ISIS. ISIS automatically matches the PSF of the reference image to the input images, as well as appropriately scaling the flux of objects and the background. ISIS produces subtraction images and photometry for variable objects with different flux levels in the reference and input images. Single stellar objects, confirmed as singular on the post-explosion frame, were cleanly subtracted on the subtraction image, whereas large extended objects left minor residuals.
The photometry of ISIS provides a measure of the flux, in counts, of any variable objects at each epoch, along with a similar measure of flux for reference objects in the field which were not variable between the two frames. Photometry of the progenitor used the flux level of the progenitor object, reported in counts by ISIS, relative to the flux of these standard stars, which was converted to a magnitude using comparable daophot photometry of the reference stars on the post-explosion frame and the standard formula relating magnitudes and relative flux.
As ISIS automatically handles a large number of the details involved in image subtraction, and 9 http://www2.iap.fr/users/alard/package.html is sometimes considered a "black box", a comparable analysis was conducted in parallel using the IRAF tasks linmatch and psfmatch, which scale the flux between two aligned images and produces a convolution kernel to match the PSF of one image to another, respectively. Importantly, having run these tasks and subtracted the convoluted post-explosion image from the pre-explosion image an identical result to the ISIS analysis was achieved.
The quality of the PSF and the subtraction process can be estimated by studying the residual The background at the SN location in the post-explosion i ′ -band image is particularly complex (see Fig. S3 ). Application of the daophot allstar routine, with a PSF determined from the image, does not provided a satisfactory single star solution (for either the sharpness or χ 2 parameters -χ 2 = 4). Synthetic artificial stars, of known magnitude, were inserted into the post-explosion frame at the SN position, using the daophot task addstar, and the ISIS package was used to recover them. A star of magnitude 26.5 was recovered at an 84% confidence level using ISIS; which we use as an estimate of the detection threshold at the SN location, on top of the complicated background structure (as ISIS only provides a measure of the flux difference between two images). We cannot exclude, however, the possibility that there is still some SN flux that is contributing to the detected complex background feature. In this case, therefore, a more conservative estimate was made using forced photometry at the SN position, using daophot allstar. We estimate an upper limit for the SN+background of 26.3, which we adopt as a conservative upper limit on the SN flux.
The likelihood of a unrelated variable object being located at the SN location was calculated in a simple fashion. The density of objects, per square pixel, was estimated using all detected variables on the 900 × 900px area. A more thorough treatment, using "association probabil- 
S5 Differential Astrometry
The for the analysis presented here, the spatial coincidence is a secondary concern, since the identity of the progenitor has been confirmed by its absence in the post-explosion image.
S6 Excess flux correction for ground based imaging of the progenitor of SN 1993J
The site of SN 1993J at 01 Nov 2006 and 03 Nov 2006, in the F814W and F625W filters respectively, is shown as Fig. S5 . As the pre-explosion imaging of the progenitor (17) was groundbased, poor seeing (relative to HST observations) led to a number of bright nearby stars being unresolved and, hence, contributing flux to the measured progenitor photometry. Following previous work (21,22), the excess flux contribution was determined by using a Gaussian-weighting scheme (where the flux contribution to the photometry of the progenitor binary is the total stellar flux for each star scaled by a factor dependent on the distance of the star from SN 1993J and the seeing, for each filter, of the pre-explosion observations). For a general filter X, the excess flux contribution to the progenitor binary photometry was calculated as:
where r is the distance in arcseconds of the ith star from SN 1993J (measured from the ACS/HRC images) and σ X is the seeing, for each filter, in the original pre-explosion imaging (17, 21) . The pre-explosion photometry is in the Landolt system, and our ACS photometry has been converted Tables S1 and S2 ) were used to determine average UBVRI magnitudes as well as assess photometric variability. This photometry is presented in Table S8 . Tables S1 and S2 ). 1 Ground-based photometry of the progenitor object, including the excess flux contribution from unresolved nearby stars (17) . 2 Photometry of the progenitor binary system corrected for the excess flux contribution from nearby stars. Fig. 2 , in the main body of the paper) are given in Table S9 .
The photometry presented of SN 1993J and the surrounding stars are approximately consistent with previously presented photometry of these objects (21, 26). Minor differences may have arisen due to intrinsic photometric variability (see Star A), changes in the adopted zeropoints in the intervening period between the publication of those studies and differences in the filter responses between the WFPC2 and ACS instruments. The evolution of the SN 1993J light curve, relative to the limits on the brightness of the binary progenitor system, corrected for the flux excess, is shown as Fig. S6 .
